Heat removal by reactor core spray systems has been the subject of study by many scientists both experimentally and theoretically. Upon application of emergency cooling, a falling water film covers the fuel rod down to the calefaction point where the water film is dispelled from the fuel rod by ebullition. Propagation of the water film down the heated wall is governed by the rate at which the wall can be cooled to the calefaction temperature, which, in turn, depends on the heat transfer to the falling liquid film.
In its passage downward, the film surface becomes rippled by characteristic undulations, except when the flow rate is very low. Such low flow rates, however, are outside the range of interest in a study on emergency cooling. The surface undulations are known to increase the heat transfer coefficient. Portalski(1) has postulated the formation of circulating eddies under the wave troughs of falling liquid film, which induces the undulations at low Reynolds numbers (Re<400 for water). Numerous authors have studied the wave length and speed of propagation of waves on a falling liquid film. But all such past work on wave characteristics has been limitted to consideration of wave inception phenomena and have been treated analytically by neutral stability theory applicable to small disturbances(3)~(8). No study has so far been reported on wave frequency, within the authors' knowledge, and this is the principal subject of the present study.
II. EXPERIMENTAL EQUIPMENT
The test section was consisted of a 1.2 m long, 1.3 cm outside diameter tube made of stainless steel. At the top end of the tube, a distributor was installed, which was carefully adjusted to produce a perfectly annular, evenly distributed flow down the outer surface of the tube. Water was pumped up from reservoir storing tap water.
The rate of feed water flow through the distributor was controlled by a needle valve and was measured by an orifice. After flowing down the test section, the water was drained off and chan- In order to measure local film thicknesses without disturbing the falling film, the capacitance method reported by Dukler & Bergelin (2) was adopted . The input stage of the apparatus was consisted by a 1 mm diameter probe held facing the liquid film and forming the condenser electrode. The variations caused in the condenser capacitance by the undulations passing one after the other by the probe were detected by through frequency modulation, and the transduced output was fed to a power spectrum analyzer, from which the power spectral density of the input could be directly read off.
The wave frequency thus obtained faithfully reproduced the maximum amplitude of the output, as evidenced by the sharp peaks appearing in the resulting spectra.
Moreover, the transduced output was monitored by a cathode ray tube (synchroscope) to reproduce the film profile, and, if necessary, the output could also be fed to an integrating circuit for averaging the film thickness with respect to time. The resulting average film thickness agreed with published data.
Direct Joule heating was applied to the test section, with d.c. current obtained by silicon controlled rectifier.
The input power was determined from the electric current and Observations of the film thickness were recorded on a photographic paper moving at about 50 cm/sec.
The exact speed was determined from the time markers superimposed on the trace.
A typical record is shown in Fig. 2 . These profiles reveal that the profile of the undulations is of roughly saw-tooth configuration, with sharply rising front followed by a slump down.
The probe electrode was positioned with particular care to prevent its being wetted with water spray while retaining sufficient sensitivity.
The optimum setting for the electrode was found with the head at a distance of several times the average film thickness. The final setting was determined by monitoring the traces of the output on a synchroscope.
It was found that small distorsions of the signals representing the profile fortunately had little effect on the spectral analysis, so long as the crests and troughs could be clearly distinguished.
This could be The frequency corresponding to the maximum power spectral density agreed with the results obtained from the power spectrum analyzer.
It is seen from the figure that the film thickness varies with a characteristic power spectral density, and comparison with Fig. 2 reveals that the peak frequency corresponds to that of the passage of crests in front of a fixed point on the test section. Figures 4(a) and (b) represent plots of the frequencies of the maximum power spectral density observed during the run given in Table 1 . These figures reveal that the frequency at which the crests pass any fixed point is nearly constant, and lies mostly within a range of 20~30 Hz. Differentiating Eqs. ( 2 ) and ( 4 ) with respect to x and substituting into Eq. ( 3 ), we obtain after some rearrangement the nondimensional form where, and In Eq. ( 5 ) the prime symbol has been dropped for simplicity. The non-dimensional quantities appearing in Eq. (5) are presented in Fig. 5 as function of the Reynolds number. The average velocity is evaluated by Dukler's method, and the expression adopted for the friction velocity is that by Brauer. (The physical properties are those for water at 20dc). Estimation of order proves that, in the left-hand side of Eq. ( 5 ), and in the right-hand side, the first term is far smaller than the second. This permits the equation to be reduced to The terms <(1+a)3> and <(1+a)4> are both seen to affect k to similar extent.
From Fig.  6 , the non-dimensional wave celerity (C) is in a range of 2~1.5 (based on Portalski's result), while We is greater than Ca by a factor of 1,000. Then, it is the term containing We that has the dominant effect on k :
Equation ( 8 ) The configuration of the film surface is depicted schematically in Fig. 7 . The nondimensional amplification factor at B, defined by the logarithmic amplification factor da/dx (growth rate multiplied by length) is given by Fig. 9 in reference to Re. The treatment adopted for deriving these plots embodies such bold simplifications as neglect of the unbalance existing in the wall shear stress and the body force, but nevertheless this result indicates an almost constant frequency of wave passage corresponding to a constant value of non-dimensional wave amplification factor, which is reasonable in so far as the viewpoint of dynamical similarity of the limit of wave growth is accepted. The following conclusions may be drawn (1) The undulations appearing on the surface of a liquid film falling along the surface of a vertical wall succeeded each other with a frequency of 20~30 Hz.
(2) The undulations move at a velocity approximately equal to that of the bulk of falling liquid film.
